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論文内容要約 
Studies on the dynamics and the combustion limits of premixed flames are essential fundamentals for the 
development of clean combustion technologies using lean premixed combustion. In order to investigate the combustion limits 
of propagating flames, counterflow flames under microgravity have been studied in the range of Lewis numbers, Le, from 0.97 
to 1.8. In parallel to the investigation on the combustion limits of propagating flames, non-propagating spherical flames called 
flame balls have been found. These flame balls can only exist in quiescent mixtures with Lewis numbers sufficiently lower 
than unity and under microgravity. The combustion limits and the near-limit behaviors of flame balls have also been clarified. 
In order to discuss about the combustion limits of flames in general, a unified approach to the combustion limits and near-limit 
behaviors of both propagating flames and non-propagating flames is needed. However, since studies on the propagating flames 
and non-propagating flames have been conducted separately, studies which attempts to bridge these two flames are still scarce. 
Previous studies by research collaborations with the Maruta laboratory and Minaev laboratory have shown that sporadic flames 
are formed in low-Lewis-number premixed counterflow flames at extremely low stretch rates experimentally and 
computationally. The present study is an extension of the previous study, which experimentally and computationally 
investigates the combustion limits and the near-limit behaviors of low-Lewis-number premixed flames using counterflow 
flames under microgravity in order to obtain a comprehensive understanding on the combustion limits of low-Lewis-number 
flames which includes both counterflow flames and flame balls. The thesis is composed of five chapters in total.  
Chapter 1 is the introduction of this thesis. A review of literature on the combustion limits of propagating flames and 
flame balls are presented, and the scope and objectives of this thesis are given. 
Chapter 2 is the study on the counterflow flames of CH4/O2/CO2 mixtures (Le = 0.75). CH4/O2/CO2 mixtures were 
first chosen to be of focus for the applicability to the development of High-Temperature Oxygen combustion (HiTOx) furnaces. 
One-dimensional steady-state counterflow flame computations using two different types of radiation models, one-dimensional 
steady-state flame ball computations, and microgravity and normal gravity counterflow flame experiments were conducted. 
One-dimensional steady-state counterflow flame computations by both the optically thin model and the statistically narrow 
band model showed bifurcations due to radiative heat loss. A qualitative agreement for the flame separation distances in both 
microgravity experiments and the computations by the statistically narrow band model including the bifurcation was observed. 
This indicated that the bifurcation at low stretch rates in counterflow flames due to radiation is a physical phenomenon. A 
comparison between the one-dimensional steady-state counterflow flame computations and the one-dimensional steady-state 
flame ball computations by the optically thin model showed that the flame ball has a leaner limit compared with counterflow 
flames. This indicated the possibility of a transition from counterflow flames to flame balls if the stretch rate is low enough. 
Accordingly, microgravity experiments by parabolic flights of an airplane for stretch rates 2.1 s-1 showed that sporadic flames 
are formed. In addition, planar flames, cellular flames, and planar flames with pulsating edges were observed, which showed 
that the CH4/O2/CO2 counterflow flames cannot maintain their planar shapes at low stretch rates under microgravity. Overall 
experimental flame regimes for Le ≈ 0.7–0.8 including the effect of radiation reabsorption were identified, and the regime of 
sporadic flames were obtained. Extinction points obtained by microgravity experiments were found to scatter at low stretch 
rates where multi-dimensional flames such as sporadic flames and cellular flames were observed. 
Chapter 3 is the study on the combustion characteristics of ultra-lean flames using a novel vertical micro flow 
reactor with a controlled temperature profile. Experiments and computations for CH4/O2/Xe and CH4/O2/N2 mixtures were 
conducted to investigate the performance of chemical mechanisms at ultra-lean conditions. The chemical effect of different 
diluents on the reactivity of the mixtures were also investigated using the present results, because other existing methods cannot 
separate the chemical effect and the effect of the different heat capacities between diluents on the mixture reactivity. 
Comparisons between CH4/O2/Xe and CH4/O2/N2 flame positions in the micro flow reactor indicated that CH4/O2/Xe mixtures 
have a higher reactivity than CH4/O2/N2 flames both experimentally and computationally. Furthermore, both experimental and 
computational results indicated that a higher dilution and equivalence ratios decrease reactivity. Comparisons between 
experimental and computational weak flame positions showed that computational results obtained with San Diego mechanism 
showed the best agreement with the experimental results while GRI-Mech 3.0 and AramcoMech 1.3 did not show a good 
quantitative agreement. The impact of the quantitative disagreement on the extinction of counterflow flames were assessed 
with 1-D steady-state computations and found that sufficiently accurate results can be obtained for all of the investigated 
mechanisms. Comparisons between CH4/O2/Xe and CH4/O2/N2 flame structures indicated that observable differences are seen 
at 1000-1100 K. Analysis on the sensitivity of the A-factors of the chemical reactions on the weak flame positions using all of 
the investigated mechanisms showed that OH radicals are important in determining the weak flame location. Reaction path and 
rate of production analysis showed that OH radicals are largely produced by (R1) H + O2 ⇔ OH + H, and are inhibited by the 
third-body related reaction (R10) H + O2 + M⇔ HO2 + M because most of the H radical consumption was due to (R1) and 
(R10). Comparison between the rate of progress ratios of (R1) and (R10) between Xe and N2 mixtures showed that the effect 
of (R10) is larger for N2 mixtures since the third-body collision efficiency is larger for N2 than Xe. This showed that the 
reactivity becomes lower for N2 mixtures than for Xe due to the larger effect of (R10), which explained the difference in 
reactivity for Xe-diluted and N2-diluted flames. This was confirmed using computations by artificially increasing the 
third-body collision efficiency of Xe. The decrease in the mixture reactivity with the increase in dilution ratio was also 
explained by the larger effect of third-body collision reactions represented by (R10). Reaction pathway analysis also showed 
that the increase in the mixture reactivity with the decrease in the equivalence ratio was due to the significant increase of HO2 
production at lower temperatures, which lead to the OH production from low temperatures and a higher reactivity. 
Chapter 4 is the study on the counterflow flames at low stretch rates with different Lewis numbers. Microgravity 
experiments on counterflow flames for CH4/O2/Kr (Le ≈ 0.7–0.8) and CH4/O2/Xe (Le ≈ 0.5) mixtures, one-dimensional 
computations using detailed chemistry with a PREMIX-based code, and three- and one-dimensional computations with the 
thermal-diffusion model using an overall one-step reaction were conducted. In the microgravity experiments, cellular flames 
were formed for Xe mixtures at the stretch rate of 3.2 s-1, while the only planar flames were formed for Kr mixtures. The 
formation of cellular flames are due to the well-known effect of diffusive-thermal instability. At equivalence ratio  = 0.48, 
planar flames were formed for both Xe and Kr diluted mixtures at the stretch rate a = 3.2 s-1. With the decrease in stretch rate 
from 3.2 s-1, the flames extinguished at around 2.1 s-1 while the flames remained planar for Kr mixtures at  = 0.48. On the 
other hand, the flames changed to cellular flames at a = 2.2 s-1 and sporadic flames at a = 0.82 s-1 for Xe mixtures at  = 0.48. 
Similarly, in the transient three-dimensional computations with the thermal-diffusion model, planar flames were formed at 
relatively high stretch rates of a = 1.0 s-1 for both Le = 0.50 and 0.75 at  = 0.48. With the decrease in stretch rate, the flames 
extinguished at around a = 0.8 s-1 for Le = 0.75 at  = 0.48 in the transient three-dimensional computations with the 
thermal-diffusion model. For Le = 0.50, the flames became sporadic at a = 0.11 s-1 at  = 0.48 in the transient three-dimensional 
computations with the thermal-diffusion model. This showed that a qualitative agreement could be obtained for the formation 
of sporadic flames between experiments and the computations with the thermal-diffusion model. The characteristics of the 
sporadic flames were further investigated using the transient three-dimensional computations with the thermal-diffusion model 
and overall one-step reaction. It was found that the characteristic flame size of the sporadic flames in the direction parallel to the 
stagnation plane decreased with the decrease in the equivalence ratio, which is in qualitative agreement with the behavior of 
flame balls. The characteristic flame size of the sporadic flames in the direction parallel to the stagnation plane also decreased 
and became closer to that of flame balls with the decrease in stretch rate. The temperature profiles and fuel concentration 
profiles of sporadic flames were found to be close to those of the flame ball near the reaction zone. The magnitude of the 
convection term was also found to be small at conditions where the sporadic flame was formed, and the diffusion flux profile 
of the sporadic flame was found to be similar to that of the flame ball. These characteristics of the sporadic flames show that 
sporadic flames are intermediate combustion modes that correlates flame balls to propagating flames. The flame regimes of 
different flame types were identified using microgravity experiments and transient three-dimensional computations with the 
thermal-diffusion model. In the microgravity experiments, planar flames with propagating edges, planar flames with receding 
edges, and star-shaped flames were additionally observed. It was found that sporadic flames were formed for Xe mixtures but 
not for Kr mixtures in the experiments. The extinction boundaries of Kr mixtures agreed well with that obtained with 
one-dimensional steady state computations with a PREMIX-based code using a detailed chemistry. However for Xe mixtures, 
the extinction boundary obtained in the experiments far exceeded that obtained with one-dimensional steady-state 
computations where sporadic flames were observed. Similarly, the region of sporadic flames were also only obtained for Le = 
0.50 but not for Le = 0.75. The extinction boundary obtained with the transient three-dimensional computations with the 
thermal-diffusion model and the overall one-step reaction also far exceeded that obtained with one-dimensional steady state 
computations with the thermal-diffusion model and the overall one-step reaction. The combustion limit of the sporadic flames 
were also found to asymptote to the combustion limit of flame balls. Since the Lewis number limit of the flame balls were 
found to be around Le = 0.65 in the present thermal-diffusion model, this suggested that the reason for the disappearance in the 
region of sporadic flames for Le = 0.75 is that steady state flame ball solution does not exist. In order to investigate the effect of 
local stretch on the sporadic flames, analytical study on the local stretch for stationary spherical flames in counterflow fields 
were investigated. It was found that both positive and the negative local stretch exists in a spherical flame in a counterflow field. 
Also, it was found that the difference between the maximum positive and the negative stretch became lower with the decrease 
in stretch rate. This stretch rate dependence on the local stretch contributes to the formation of the sporadic flames at low stretch 
rates. It was also found that the flame experiences positive local stretch in the upstream direction toward the burner axis, which 
showed that this positive local stretch may act as one of the stabilization mechanisms of sporadic flames in stretch fields. To 
separate the effect of stretch and the flow on the splitting of spherical flames, transient three-dimensional computations with a 
thermal-diffusion model using flame balls as an initial condition and applying uniform flow were conducted. Spherical flames 
at Le = 0.50 showed splitting in the direction parallel to the direction of the flow, and in the direction along the plane normal to 
the direction of the flow. This showed that stretch is not necessary in the formation of sporadic flame fronts, but only the effect 
of flow is sufficient. In addition, flames at Le = 0.63 did not show any splitting behavior, which showed that the splitting of the 
flames are due to diffusive-thermal effects. 
 Chapter 5 is the conclusions of this thesis. 
 
